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INDIRECT CAIORIMETRY BY NEW TECHNIQUES:
A DESCRIPTION AND EVAIUATION
OBJECT:

To essimilate into the methods of indirect calorimetry recently develored
apreratus and techniques; to evaluate the accuracy of the resultant method,

SUMMARY AND CONC IUSIONS:

1. The Milller-Franz portable respiratory ges meter, Pauling oxygen
enalyzer, and Weir formulation of energy metabolism calculations are des-
crived as comronents of a technique for humen indirect calorimetry.

2, The errors encountered with these methods sre described and evaluated.

3. The method evolved gives results in good agreement with the more
laborious older techniques of indirect calorimetry.

RECOMMENDATIONS:

The tindings indiceste thet the incorporation of recently develored tech-
niques into the methods of indirect calorimetry provides a more convenient
method with accuracy comparable to older methods. The velidstion #nd develop-
ment of the technigues should be pursued with trhe subsequent aim of measuring
energy exrenditure in military occupations,
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INTRODUCTION

The recent appearance of convenient and continually improvinz methods
of indirect calorimetry hes permitted studies of humen energy exrenditure
to be underteken on an expsnded scale inside and outside the laboratory (1).
Formerly, the estimation of energy expenditure during work has been largely
restricted to the laboratory situstion because the use of the Dougles bag
and Haldsne gas analyzer has been awkward for the subject and time consuming A
in the laboratory. !

A number of these new techniques have been combined into a more con-
venient method of indirect celorimetry. Miller and Frenz at the Max Plenck
Institute for Work Physiology, Dortmund, heve develored a combined rortable
dry ges meter and fraction semple collector to be employed in the place of
the Dougles bag (2). Since Weir hrs shown the metabolic rate to be essentizlly
e function of the pulmonary ventilation enéd oxygen content of exrired air,
the metabolic rate may be calculated after measurement of these two gquantities
(3). The yredominant peramsgnetism of oxygen in the normal esir gas mixture
has been utilized to measure the oxygen concentration of expired 2ir by the
Pauling oxygen enalyzer (4).

The present paper describes and evaluates these newer techniques as
aprlied to indirect celorimetry. All the following reported studies have
been performed at Denver, Colorado, at an altitude of 1 mile above sea level,

DESCRIPTION OF EQUIPMENT AND METHODS

Resviratory Gas Meter.

The Miller-Franz meter* (Figure I) consists of a dry gas meter for
measuring the totel volume of expired air, coupled to an aliquoting device
which continuously removes a portion (0.3 or 0.6%) of the totel expired air
to an aliquot collection bladder for later analysis (2). A thermometer is
enclosed in the metel meter box. The box (20.2 cm. wide, 27.4 cm. high, and
11.2 cm. deep) enclosing the meter end sliquoting device is streppred to the
back or front of the chest of the subject by an adjustable harness (Figures
I1I end III).

In eddition to being worn the meter may conveniently be set 8t the
side of the subject on & teble, chair, or the floor. It is also possible
for another person to carry the meter which is connected to the subject by
an extended piece of tubing. The usual metal Douglss respiratory valve for
collecting the expired sir at the mouth is repleced by & plastic valve
weighing about 40 grams with @ dead spece of 32-41 ml. when the rubber mouth-
plece is attached. The minimum inside diameter of the respirsatory valve is
1.8 cm., at the mouth piece tube. The rubber mouthpieces have flanges which
may be bitten upon to secure the mouthpiece end velve during violent exercise.
The expired eir is conducted from the valve by & flexible rubber tubing, with
en inside dismeter of 2.5 cm., passing over the subject's shoulder to the

*Zentral-Workstatt Gottinger, Bunjenstrasse 10, Gottinger Germeny
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meter on his back. The totel weight of the meter plus harness, tubing,
aliquot bladder, mouthpiece, valve, end nose clip is 3.6 kilos (8 pounds).
A 100-liter Douglas bag with a three-way valve, mouthriece, resrirstory
velve and tubing, but no harness, weighs 2.9 kilos (6.5 pounds).

Several minor modifications were made in the meter with tlhe accumulstion
of experience. The original harness was rerleced by a complete harness
from which the meter was susrended and which held the meter close to the
body, minimizing its movement during running snd bending forwerd. The tube
from the respiratory velve to the meter wes secured by meens of a rubber
bend and clamp to the meter rarness at the tor of the shoulder strep to
insure enough length for free movement of the head end to prevent the tube
from flailing during violent exercise. This hed to be individuelly adjusted
for each subject. With such precautions it has not been necessary to anchor
the valve end mouthpiece with either a strap about the head or & modified
face mask, The lever of the three-way valve controlling the metering and
sample collection was repleced by @ round knob because the protruding lever
was easily pushed out of position by clothing and equipment brushing sgainst
it. The mice. leaflets of the reepiretory valve were rerlesced by similaer

discs of Polystyrene B sheet, 0.005 inches thick, which while 2s inert as mica,

is in addition, shatter resistent and easy to fashion. The calibration of
the meter thermometer weés checked end a correction eprplied to all readings
when necessary. A series of adjustments were mede to the meter and aliquot
rump mechanism in order to reduce the drag of the sliquot device upon the
meter. The easily exposed portions of the meter eand pump mechanism were
cleaned with acetone to remove 2ll heavy lubricents and then oiled at 16
roints with motor oil SAE 20, The selector for the sliquot fraction esize
was permenently set for an aliquot of 0.3% although the actusl delivery wes
only 0.2%, The disc plates of the rotary velve for the aliquot pump were
adjusted to the minimum spring force necessery to hold them together, The
timing of the rump cam with the rotary valve was checked. The only repeir
found to be necessary in over a yeer of use has been the rerlacement of the
aliquoting pump diaphragm using sheets of ordinary .rubber dental dem. The
moisture condensing in the meter was poured out the inlet tube every other
day during intensive use,

Meter Methods.

The subjects require little instruction in the use of the equirment.
To allay any anxiety about the use of the equirment the subjects wore the
meter for 5-10 minutes at least oncs before any measurements were performed.
There were rare complaints of dryness of the mouth in srite of the low
relative humidity, 10-40%, frequently encountered in the atmosrhere. The
subjects were instructed in using the tongue to moisten the interior of the
mouth if dryness occurred or to swellow frequently if excessive salivetion
occurred.

The aliquot bladder was alweys stored full of exrired eir in order to
ssturate it with carbon dioxide. Just before use the Lladder wes evacuested,
closed off with a pinch clamp end then connected to the sample outlet of
the meter, The meter was placed on the subject and the harness adjusted so
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as to prroduce minimum restriction of the subiect's movements, The subject
put on the nose clip and inserted the mouthyiece, then breathed through

the meter for several minutes. The fit of the mouthpieze and nose clip

was checked to insure an zir tight sesl and comfort. ''he operation of the
respiretory valve was checked for leeks., Subjects with a rerforated ear
drum require an ear plug to yrevent loss of exyired eir. Oronsssl mesks
with valves have been substituted for the resypiretory velve end wmouthriece
in e few situations. Initiel temperature end volume readings were token,
recorded and checked by rereat readings. The rosition of the aliquot size
selector knob wes checked. The time of dsy was recorded for the barometer
reading. As nearly simulteneously as possible, the rinch clemp was removed
from the neck of the aliquot blsdder, the meter wes started to record volume
and collect the aliquot, end the st-r wetch wos sterted. To end the col-
lection reriod the meter w.: turned off #nd the stop wetch storred. Finel
volume and temperature reacd.ngs of the meters were made, recorded and
checked, The neck of the aliquot bladder was clamped and the bladder
removed to be sampled.

The meter was emrloyved in two ways to measure energy expenditure, the
partial method end the integral method (5). The pertial method employvs the
collection of exypired air during the thysiologicsl steady state at inten~
sities of work not incurring #n oxygen debt. Measurement is begun only
after the subject has achieved a steady state, after at leesst 10 minutes
sustained work, The integral method employs the collection of expired air
from the beginning of an activity to its end znd for from 5-10 minutes of
stenderd eitting recovery vosition afterward., Messurement during the 5-10
minute recovery veriod rermits the inclusion of any oxygen deb’ in the
estimstion of the cost of the task. In the event a lsrge oxyg 7 debt is
anticipsted a corresrondingly longer recovery veriod may be employed. Only
the integral method can be used when a steasdy state is not obtained either
because of intermittent or irregulsr activity or because of work incurring
en oxygen debt., In the calculation of the energy exrenditure for the task,
the rreviously determined energy equivalent of the recovery reriod in the
stendard sitting position for 5 or 10 minutes, or longer, is deducted from
the totel expeuditure, By this wmethod continuous measurement could be msde
for veriods ur to 31 minutes long with 662 liters total exriratory zes
volume,

Using an oronssel face mosk, changling gliquot bladders between breaths,
end pooling #nd mixing the totel aliquots under oil yrior to sampling for
anglvsis, continuous messurements heve been mede ‘or periods as long €8
186 minutes, with totel ventilation nf 2709 liters at meter temrerature
end total celoric exrenditure of 401 celories.

Glass syringes served both to trensport &s well as to store gee
sturles (6). The 30 or 50 ml. syvringes were lubricated with mineral 0il
anu sealed bv a Hoffman screw clemp on & short riece of butyl rubber tubing
wired to the syringe tip. The butyl rubber tuding, 1/8" thick wall, inside
dismcter 3/16", was used beccuse of ite low rermesbility to geses.
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Ges #liquote were trensferred from the aliquot bladder to the glass
evringes lmmedietely after collection. 'The aliquot bladder was carefully
knezded to mix its contents, then the goe semple was trensferred by meens
of a three-way Ayer stop cock to the svringe, teking three flushes of the
syvringe with 5-10 ml. of gas tefore the finol semple was drawn, Durlicate
gyringe semples were routinely cnllected.

GAS ANAIVSIS

Analysis of the gas seamrles for oxygen content was performed with
the Pauling oxyge &nslyzer, A.0. Beckmen model E-2, with porous diffusion
rlate rrotecting the test body (4). The anelyzer wes connected to a
vecuum train of carlllery gless tubing and smell bore butyl rubber tubing
so that the gas semprles were introduced into the evacusted test cell of the
anglyzer and then equilibrated to atmostheric pressure for the analyzer
reading (Figure IV). To prevent a sudden surge of gas damszing the test
body of the aralyzer upon admission of the sample to the evacusted train,
a fine carillsry narrowing was interposed in the train. To sreed evacustion
of the train between semplec, the trzin to the vacuun pump included a by-pess
around the fine capillary. In this trein the totel volume of ge2s8 needed to
rerform an analysis wes about 11 wml, Gererelly, evacuation of the train ie
adequate to remove saurles between analyses; flushing of the system wee not
necessary. Resronse time of the snslyvzer is about 55 seconds snd the
evecustion time is 50 seconds, The total time to perform each anslysis is
about 2% minutes. Triplicate anslyses can be performed on 50 ml. conteined
in syringes. The rate of anslysis is 12 syringes per hour in duplicate or
2L svrin;es tver hour for single anslysis, An orerator becomes proficient
after about 6 hours instruction end experience. The oxygen analyzer was
warmed up 45 minutes. It wee then calibreted with oxygen-free water-rumped
nitrogen at the 2zero setting ana with outside air satureted with moisture
at the scale setting of 20.93% oxv¢en. All gas semples for celibration and
ansalvsis were caturated with molsture at room temperesture end were not dried
before analysis, The calibration was rerformed twice during eech working
day and more often if the barometric rressure chsnged raridly during the day.
The operation of the cxygen analyzer wee checked several times eech week by
elther running durlicrte anslyses in both the analyzer and the Eeldane gas
analyzer or by checking the anzlysls of & known nltrogen-oxygen mixture,
The instabllity of the base line of the oxvgen analyzer rotentiometer due
to fluctuations in line voltage was eliminoted by the use of an auxiliary
electronic voltage rezulator, Sorenson model 500-S

CAICUIATIONS

The data for emech energy cost determinetlion were recorded on a srecial
form (Figure V). Temperature of the zas was taken as the average of the
initial #nd the finel meter temperatures during eech measurement., The minute
rulmonery ventilation wes calculated from a nomogram for reduction to
stenderd temperature, rressure end dryness (6), and corrected for the cali-
bration constant of the meter. The corrected minute prulmonery ventilation,
oxygen concentration of expired #ir, and the prorortion of rrotein calories
in the diet were arplied to the Weir formule to obtein the minute coloric
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expenditure:

Celories/minute = i;og?ggg'g5ou Oe x 1, rul. vent./min.

where Oy is % oxygan in expired air end p is the decimel fraction of

totel dietary calories from protein (3). A table of oxygen concentrations
and corresronding caloric equivalents for the rulmonery ventilation mey
be calculated end used in place of Weir's nomogrem, if the protein content
of diet is known &nd remeins relatively constant.

EVALUATION OF HETHODS

Collection of gas aliquot in semrle bladder.

The use of the rubber bladders for the collection of the aliquot of
ges entails two sources of error, the effect of diffusion of the ga&s across
the bladder walls and the effect of the functionsl dead space of the
bladders.

The effect of the diffusion of gases across the walls of the aliquot
samvle bladder was tested by comparing the comrosition of typical expired
air before and after storege of various volumes for lengths of times equiva-
lent to typical periods, collection time plus storzge time. The volumes
placed in the bladder were the average volume during collection, i,e, half
of the final volume, so that the aprarent effect was double the effect
actually encountered in practice, Three bladders of the type furnished
with the meter were tested. The date sre summerized in Table I. All gas
anclvses for es~h bladder were performed in duplicate except where the bladder
volume was 60 ml. The coefficient of diffusion calculated from these data
is 0.0006 to 0,001 volume oxyger percent chsnge per minute where:

coefficient of diffusion x total time in the bladder
o concentration change =
% oxygen - e liter volume measured x % aliquot faction

e.g. 0.09% = 0,001 x 10 minutes
60 Liters x 0.2% aliquot

In this consideration the effect of various initial oxygen concentretions
upon the diffusion grndient is disregerded. A change in oxygen concentration
of 0.015% to 0.045% in the renge of 16.00% leeds to a negative error in the
Weir factor, for calculating enerzy exrenditure, of 0,.3% (0.0007/0.2437) to
0.9% (0.0021/0.2437), The larger error arrerrs when smell volumes of gas
are measured, i.e. during the study of basel or eitting metabolism. During
ectivities of moderzte work, 15 1. rer minute ventilation, the error is of
the srder of 0.3%. For most purposes the error cen be neglected, but should
be individually evaluated where extreme accuracy is desired or where the
diffusion cheracteristics of the aliquot bledder ere not known.

The natural tendency of the rubber zliquot bladders to sprring into a

rosition of leest distortion results in the evacusted bladders asrirating
gas when the starting control is turned at the beginning of a measurement,
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This functional dead space is important when the total aliquot volume is
emall, i,e. 150 ml, The volwne of ges espirsted into the bag is 5-10 ml. for
the tvpe of bladder furnished with the meter but msy be @s high as 90 ml,

for & bledder such as & large beach ball, The occurrence of this error hss
been unpredictable. The gas drawn into the blzdder under these circumstances
comes from the chember of the semple pumr or by leeks around the rotery valve
of the sample rump. In the extreme situstion of the bladder sspirating 6 ml,
of outside eir et 20,.93% oxygen followed by the collection of & 150 ml,
aliquot et 16% oxygen, the sverage composition in the aliguot bladder is
16.19% instesd of 16.00% oxvgen., Fortunately thie situation does not occur
if the meter is operated & few minutes before the measurement is begun, since
in thet case the bledder asrirates thoroughly mix.d expired esir either from
the chamber of the aliquot pump or from the exhsust stresm of the meter as

it bathes the rotary velve mechenism. For this reeson it is important that
the meter be orerated a few minutes before a measurement is started.

Storege of Gas Samples in Svringes.

The effect of prolonged storege of ges samples in the syringes was
tested by filling ten syringes with gee of uniform composition. Tive of
these syringes were anslvzed immediately and 72 hours later the remsining
five of the syringes were analyzed. There was no difference in the oxygen
content of the gas between the two series of syringes. Initial oxygen con-
centration was 16.20%. It is concluded from this thet gas samples may be
stored in syringes for reasonable periods of time without significant change
in the composition of the gas. The efficiency of the syringe as a storage
vessel is dependent uron intact seals of the Hoffmen clamp on the butyl
tubing, the butyl tubing upon the glass syringe tip, &nd the syringe plunger
with the syringe cylinder. With constant use the mineral oil on the syringe
plunger is graduslly lost and the sesl between plunger and cylinder mey be
broken. Hence, it is necessary that the syringes be keprt adequstely oiled.
A satisfactory criterion for this ies that the portion of the plunger in
contact with the cylinder be transparent and not frosted in eprearance.

Effect of Seturation of Gas Sample with Moisture.

Moist cool gases may be analyvzed in the Pauling oxygen snslyzer because
the test cell is meinteined ot about 140° F to rrevent condensation of moisture
on the sensitive elements. However, the prresence of water vayror decreases
the absolute concentration of oxygen in the ges mixture, To avoid anslyticel
variations due to different degrees of humidity, & constant water vapor effect
is obtained by routinely satureting a1l gas semples for celibration and
analysis at room tempereture 70° ¥, The water-pumped nitrogen for calibra-
tion is saturated by delivery into a moistened syringe. The outside eir
used for celibration is saturated by drawing it over & moist surface. It
is assumed thet the semples of expired air ere essentielly satureted at body
temperature and most certainly ere sesturated 2t the lower room temperature.
Since moisture may be abstracted from gsses by condensation if they are
cooled, trensferred to & dry contoiner, end brought ur to initial temperature
agein, the trensfer of expired eir from one conteiner to another is elweys
rerformed at room temperature or higher. A decrease in absolute humidity
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equivalent to 15 mm. water vapor pressure due to partisl drying or cooling
of the gas samrle increases the oxygen concentration by 1,02 (620/605)
e.g. from 16.00% to 16.32% oxygen which is equivalent to 16 parts of .260
in the Weir calculstion or 6% negative error in the caloric exrenditure.

The problem of the effect of variable humidity in the gas semples moy
be avoided by regulerly drying all ges semrles, A small calibre column
of granular indicating desicant may be inserted in the vacuum train, How-
ever this increases both the analysis time, because of delay in drying the
sample, end the sample volume required to fill the train. Semples may
also be dried es they are transferred from the bladder to the syringe by
drawing the ges througsh a small drying column efter adequate flushing.
The choice of solution of the problem of the humidity is derendent upon the
experimentsl conditions.

Gas Analvsis by Haldene Apperatus and Pauling Analyzer.

The accuracy of the Peulinz oxygen analyzer wes evoluated by comperison
with the Haldene oxygen analysis on 14 different duplicete gas samples
randonly selected over @& period of 8 months. All Haldene enelyses were
rerformed in duplicate by one orerator while the Pauling analy:es were rer-
formed in duplicate by seven different cperators. The Bzldene sprarstus
was routinely checked with an outside cir sample before eny snszlyses were
rerformed. The value of oxygen in expired air renged from 1b4.60% to 16.88%
with an aversze of 15.58%. The average oxygen concentration by the Izldane
analysis was 0,0068% higher than by the Peuling analysis. This is not a
statistically significant difference, t = 0.234,

The precision (S5.D.) of the Psulinzg meter in & series of duplicate
analyses on 74 syringes was 0,0098% oxygen. This is less than can be ac-
curately interpolated on the Helipot scale of the oxygen analyzer, These
results support the conclusion that there is no necessity to perform dupli-
cete annlyses upon each aliquot syringe. Comperison of the initial analvsis

on 7 pairs of duplicate syringee gave a standerd error of 0.07% oxvgen. This

loss of precision between duplicete syringes and duplicete enzlyses on esch

svringe is & reflection of discrepancies in gas sempling and storage technique,

In the series of 74 peirs of duplicete syringes there were three pairs which
differed by more than 0.08% oxygen: O0.41%, 0.17% and 0.71%. In each case
the duplicete anslyses on each syringe sgreed. This surports the conclusion
that duplicete semple syringes should be teken on each gas volume, but thet
only one analysis need be performed uron each syringe. In the event re-
anslveis of each svringe confirme & discrepency between syringes, the lowest
of the two oxygen values is taken to be the true value, as the most likely

ccuse of error is contaminetion of semples with outside air leading to falsely

high oxygen vslues.,

Gas Temverature.

The temperature of the ;&s as it passes through the meter is messured
by a thermometer instelled in the meter cese. The bulb of the thermometer
is ehielded from outside radietions and ies bathed by the exrired 2ir as it
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rasses from the meter, In a series of 51 determinations on diverse
activities the average *emperc ture of the meter at the bezinning of the
measurement was 26.6° C. and over &n everage of 11,3 minutes it rose an
everage of 0.8° C., S.D. 1.27, to & finel temperature of 27.4°., In arother
gseries of studies the temperature was observed from the beginning of use
without a preliminary warm-up period. The initisl temperature averaged
23,5° C. and rose an everage of 1.2° in ten minutes to 24,79, Of this total
rise 0.59, or 42%, occurred within the first two minutes and 1° or 83% of
the total rise occurred in the first five minutes, The response of the
thermometer is rapid since it always registers 2 temperature rise within
the first minute of meter operation. However there is undoubtedly some lag
between the attainment of temrerasture equilibrium by the meter mechanism
snd the thermometer due to their vhysical sepsration.

Consideration of the rossible temrerzture fluctuetions during a
determination revesls two msojor tyvres of sequences: The temperature rises
elther evenly throughout or at a diminishing rate or may even plateau; the
temprerature rises but then falls either to plateasu or continues back towerd
the initial value. The average of the initiel &nd finel readings is valid
only in the one case where the temperature rises evenly and rrorortionslly
to the gas flow throughout the determination. In all other cecses the
average will be falsely low perticularly with the integral method where the
tenperature of the low ventilation during the recovery period may be unduly
welghted, The oscillating fluctuations thet might be encountered during
extended integral tyre studies would tend to cancel each other out. Thus,
althougzh the tempersture will fluctuate during the determinations it is
manifestly impructical to follow the temperature rrofile end record the
volumes to enable rrorer weighting for gas flow. As noted above the total
change in temperature during e determination was ususlly not more then one
degree centigrade which mey then be cor:sic->red the epproximste meximum error,

amounting to 0.3% error in the celculatiun of the ges volume and of the total

caloric exrenditure. The actusl error would be less since, for convenience,

the average of the initiel and final temrerature wes used in all the calcula-

tions, "

Barometric Pressure,

The barometric rressure influences the determinstions in two ways:
Through its effect upron the calculation of the gas volumes et stendard con-

ditions, and through its effect upon the cslibration of the Peuling oxygen
analyzer,

The barometer was read every hour. The values used for the calculation
of the standard temperature and rressure, dry gas volumes were those closest
to the time of the experiment. In a randomly selected series of 16 observa-
tions the average totsl chsnge, regerdless of e¢ign, was 0.48 mm. Hg. and the
averege change was minus 0,38 mm, Hg., This average change was equivalent
to a correction of 626.48/626,00 or minue 0.07% in the gas volume factor.
This is the order of megnitude of the error that might be anticipated in
the corrected gas volume &nd in the csloric expenditure attributable to the
veristions of barometric rressure while determinations ere being made., The
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actual error would tend to be less since the prressure meesured within 1/2
hour of the determination is used for the calculation.

The Pauling oxygen analyzer wes generelly celibreted et the begin-
ning of the day's work, 8-9 a.m., and agein just after lunch, 1 p.m. On
15 rendomly selected days the average difference btetween the barometric
rressure at 8-9 a.m. eand noon, and between noon end 4 p.m. was minus 0.8
ma. Hg. This chenge in barometric pressure would effect the accuracy of
the Pauling analyzer calibration in yroportion to the absolute chenge, i.e.
626,8/626,0 et the usuzl rrevailing barometric pressure. This change of
0.13% operating uron the concentrstion of oxygen is equivelent to 0.02%
oxygen at the usual conceniration of 15% oxygen in expired air, snd one pert
in 260, or tlus 0.48% upon the celoric expenditure. .

Comparison of the Miller-Franz Meter gnd the Douglas Bag in Messurement of
Energy Expenditure.

Each Miller-Frenz meter is furnicshed with & celibration factor by the
manufacturer. In order to eveluste simultsneously the accuracy of the
mee surement of the resyiratory gas volume end the relisbility of the
aliquoting rump of the meters, studies were undertaken to compare the meter
end the Dougles bag technique of indirect calorimetry, utilizing the Pauling
analyzer and the Weir calculation for both determinations. The sccuracy of
the volume measurement of the iflller-Franz meter ves initielly compared with
a laboratory dry gas meter calibreted against e Tissot srirometer. Air was
forced from & spirometer through a train consisting of tne laboratory dry
ges meter and the Miller-Franz meter., At continuous flow rastes of about 35
and 70 liters per minute, the Miller-Franz meter registered 0.98L4 of the
volume registerrd by the laboratory dry gas meter. Thies is not & valid test
of the operation of the Miller-Franz meter, however, since humen expirstion
consists of intermitten. flows with instentaneous retes over the range of
0~-300 liters ter minute.

To celibrete the meter under the physiologicel conditions encountered
in actual use, men were rleced in & steady stete of work at verious intensi-
ties and their energy exrenditure measured alternately with the Miller-Frenz
meter and the Douglas bag. The seme mouthriece velve &nd tubing were used
in both collections. The ratio of the energy cost measured by the Douglas
beg to that meesured by the meter gave the celibration factor. All the sub-
jects used in the calivrstion studies were previously experienced in wearing
the meter. OCelibration studies were performed et four levels of activity:
Reclining, welking at 2.0 miles per hour, welking at 5.2 miles yer hour, end
walking at 4.5-4,.8 miles per hour. The studies in the reclining state were

mede efter the subjects hed reclined st lesst 30 minutes. The welking studies

were verformed with the aid of 2 motor-driven treadmil) to assure constant
rate end conditions of welking., The subjects cerried the meter continuously,
but did not carry the Douglas heg. Xach subject welked at the designsted
spreed for 12-15 minutes rrelimimnvry to messurement in order to achieve &
steadr stete. The meter wes warmed up during the last 2-5 minutes of eech
rreliminary period., The period of collection for esch measurement wes 10
minutes in the reclining state, 5 minutes for slow end moderate welking, end
2 mimites during fest wolking., These celibration studies were cerried out
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at room temperetures of 70-72° F. and 50% relative huwidity. The average of
the initial and finel umeter tempersture during celibration wes 24,.26° C.

The date on the calibration of one meter are summarized in Tebles II-V,
These stuaies were conducted over & period of 17 days. All gas volumes are
expressed at conditions of standsrd temrerature and pressure and dry.

The minute volumes measured at meter temreratures snd pressures ranged
from 5.5 to 43,8 liters per minute, Pooling the celibration factor wvelues
from the several sets of comparisons, gives the grend averasge for meter #1
a crlibration factor of 1.0559, S.D. 0.0645 and coefficient of veriation of
6.11%. This aprlies only to the meter set for 2 0. 3% aliquot. The meter
was not calibrated for an eliquot of 0.6% since rreliminsry studies showed.
thet the calibration factor veried with the size of the sliquot and was
more neaily unity with the 0.3% aliquot. Similerly the calibration factor

for & second meter with 0.3% aliquot was 1,07575, S.D. 0.01 and the co-
efficient of variation of 0.92%.

There was no statistically significant difference between the calibra-
tion factor derived from studies of meter #1 at resting metabolism and at
walking of 3.2 mhﬂeq rer hour; with 12 degrees of freedom, t equals 0,07,
Thus the meter ce’libration and rreciston is independent of the ventilation
end intensity of work over this range of workload.

The study of the relation of the calibration factor to time is summar-
ized in Table VI, Meter #1 hed been in use some months before the rresent
calibration series began. From April, until the meter was adjusted in
Sertember, there was no significant chsnge in the calibration. The September
change was significant by the t test at 2% probability. Meter #2 had been
used very little rrior to Msry and cen be considered to be new at that time,
Its czlibration showed e progressive change, significant at the 1% rrobability
in June and 2% subsequently. The chenges were significent always et either
the 1 or 2% rrobebility, but not at the 0.1% level, It msy be concluded
from this that the celibration of the meter does chenge with time, but thet
the change decreases as the meter is "broken in", The change is consistently
in the direction of greater accurascy.

Adjustment of the mechanism end rerlecement of the aliquot pump dia-
rhragms may chenge the calibration. During intensive use the calibration
should be checked frequently, every 2-3 weeks using one level of activity,

3.2 mrh walk, Iimited rough handling of the meter does not eppear to effect
the calibration.

The effect of altitude upon the calibration factor of the meter was
studied at two levels of activity; reclining, end exercising upon a ‘icycle
ergometer (Table VI. Meter #1). These studies were performed in an altitude
test chember 2t 10,000 feet simulated altitude.* The calibretion factor at

*The altitude chamber was used through the courtesy of the Physiological
Training Unit of the 3415 USAF Hospitel, lowry Air Force Bese, Denver,
Colorado, 1t. George R. Beers, Physiologist.,
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ground level, 5000 feet, (620 mn. Hg. barometric pressure) was 1.0559 and

the calibration factor at 10,000 feet altitude (525 mm. Hg. barometric
rressure) was 1.03568. With 18 dezrees of freedom there wss no statistically
significant difference between these two calibrztion fectors, t = .716, so
that chenges in bsrometric pressure with altitude do not affect the zccursey
of the meter.

Study of the effect of low temperatures uron the calibration factor
of the meter has reveeled the meter to become less accurate at lower tempera-
tures, At e meter temperecture of minus 270 C. in still air the calibration
factor was 1.578., Currently efforts ere beinzg mede to adapt the meter to
use under these conditions,

Weir Celculations of Energy FExpenditure,

The Weilr calculation wes compsred with two convention21l methods of
calculating respiratory metabolism, thot accounting for rrotein metabolism
(7) or thet iznoring protein metabolism by assigning 5 calories per liter
02 consumed (6). As vart of an energy belence study on five men a number
of determinz tions of energy exrenditure were performed by anslyses of both
oxygen @and carbon dioxide (8). Throughout the study the men ate their
regular dietary and continued their usual occurations and routine activities.
During the actusl balance rhase of the study the protein inteke was measured
daily for two weeks, There were no significent changes during this period
in body weight nor body composition. On the assumption thet these data were
representative of the preriod when the energy exrenditure determinations were
made, i.e., immediately before the balance vthase, snd that the men were in
nitrogen balance, the everage daily protein inteke would be @& messure of the
rrotein metabolism 2nd the vrrotein contrioution to the totsl metabolism
(Table VII). TFor each energy determin-tion the totel oxygen consumption and
the total carbon dioxide rroduction were celculsted using the method of the
"true oxygen" and the "true carbon dioxide". The rrotein contribution to
the total metabolism was czlculated in terms of oxygen and carbon dioxide
(Table VII) and deducted from the totels to give the non-rrotein metabolism
(Table VIII). Using the non-yrotein RQ, the non-protein energy metabolism was
calculated., The total energv metabolism wes obtained by adding the non-protein
calories to the protein cslories (Table VIII, last column),

The short method of calecvlation based on 5 celories rer liter of oxygen
consumed, £nd the Weir formula emploving only the concentration of oxygen
in exrired air znd the minute volume of expired air, adjusted to a daily
dietary rrotein inteke of 10% of the total celories, were arrlied to the
seme rew date. 'The comparison of the netheds of celculating energy metabolism
is rresented in Tuble IX. It is seen that the result with the Weir method is
101.2% and the short method 105.6% of the conventionsl method.

Thz theoretical partial regression equation of heat outrut on oxygen
consuzption, COp production @and urinery (dietery) nitrogen as derived by
Welir is:

Total Calories = 3.941 x liters of oxvgen # 1,106 x liters of COz ~ 2.17
x grams of nitrogen.
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Aprlying this equation to the first four exsmples of Table IX and compering
the results to those of the conventional celculations gives, respectively,
values of 1.44 calories per minute end 1.40 cslories per minute, 2.45 and
2,40, 4,41 and 4.41, 2.07 €nd 2.0l with an over-all ratio of 1,0117 to 1.

This rondom series would indiczte thet the Weir formulation employing
only measurement of oxygen concentration in expired a@ir snd the minute ex-
piratory ges volume is in close egreement with the method celculsting energy
metabolism by oxygen consumption and carbon dioxide production corrected
for rrotein metebolism. Further studies have been undertaken to confirm
this impression (8).

The protein correction in the Weir formulation used in the examples
is based upon the assumption that 10% of the total calories arise from
rrotein metabolism., Actuzlly the exact rrotein cortribution mey range as
higzh es 15% in normel diets. The error introduced by this asgsumrtion has
been evaluated by compering the czloric equivalent per liter of expired eir
of various oxygen concentrztions at three different levels of dietary protein,
10%, 12.5% and 15% in Table X. Comrering the equivelents by their ratios
shows thet the meximum error incurred by eprlyin- the 10% formula to a
situation with 15% dietary protein results in the caloric equivalent being
0.36% too high. This error is essenticlly independent of the oxygen con-
centration of exrired air at normelly encountered values, 15 parts in
100,000 over 15 to 16.5% oxygen. If the formuls for 12.5% protein, Cal/L =
1.04l+ ~ 0.499 O,, is used the error is corresroncingly less, 0.2h., Employ-
ment of the Weir formula adjusted to the men's individuel rrotein inteke
(Tavle VII, Column 1) for the deta in Table IX mokes no significent change
in the calorie exrenditure.

The Effect of the Meter upon Normal Respiration.

Subjectively, the meter offered very slight resicstance to expiration,
The inventors cite a resistence of 8 mm. of weter ot a contimious flow of
20 liters per minute (3).

Any possible effect of the Miller-Franz meter uron resriretion should
be intensified at high rates of exchi:nge. This effect could be revesled
by a comperison of the meter values with the Douglas values of resypiratory
volume and exrired oxygen cnncentration at two levels of activity, assuming
the Douglas method to give normel velues, Using the meter:Dougles ratio
from the calibration data of meter #1, there was no esignificent difference
between resting and 3.2 mrh metabolism:t = 0,277 for exrired oxygen and
t = 1,58 for ventilation, both with 12 degrees of freedom (Tables II and IV),
Therefore, there is no difference between the response of resriration to the
meter and to the Dougles bag, tut this does not exclude the possibility that
both exert a similar effect uron respiration,

Coet of Wearing the Meter.

The 2mount of extras energv it costs to wear the neter is largely de-
rendent uron the spetiel motions of the meter. In stending end almost ell
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other activities the wearer does static work surrorting the weight of the
meter. When moving the body, the wearer must cause the accelerstion and
decelereation of the meter mass, In positionsl changes effecting the
rotential energy of the body, the meter weight must be reised snd lowered.
Stidies were undertaken to evaluste the significance of some of these factors.

Since & large prorortion of time is syent standing or walking slowly
and since it was felt the rosition and weight of the meter might exagzeraste
the unsteadiness inherent in such a movement, the energy cost of walking at
2 mrh was determined with and without the meter on the back. After walking
10 minutes on £ motor driven treadmill three pairs of comparisons were mede.,
The aversge cost without the meter ‘ras 2.922 Cel/min. snd the average cost
with the meter on the bsck wes 2.829 Cal/min. The difference is not signifi-
cant, t = 0.4 with &4 degrees of fréedom,

The effect of the meter upron walking at a higher speed was determined,
since here the acceleration and deceleration of the meter weight wnuld be
more prominent, After walking 10 minutes et 3.5 mrh on & treadmill energy
costs were measured in triplicate with and without the meter on the back,

The average cost without the meter was 5.51 Cal/min. £nd the cost with the
meter was 5.54 Cal/min., The difference is insignificent, t = .245, It mey
be concluded that for most activities the additional work enteiled in carrying
the meter was insignificant.

Activities in which the movements and yrositionsl chonges of the uprer
torso are rrominent would cost more with the meter on then without since the
weight of the meter hes to be moved. If such activities occur frequently
studies should be made to eveéluste the contribution of the meter to the total
energy cost.

Total Error.

The errors of the method may be rartially estimated by analysis of the
error contributed by the various comronents of the techniques as discussed
in the rreceding reragrarhs. The enalysis is rresented in Table XI. Some
of the errors are routinely positive snd others routinely negestive, The
range of maximal error estimeted by summation of the effect of the error upon
the caloric expenditure when all errors sre exerting their negative effect is
minus 13.88% and when all are exerting their positive effect is plus 1.48p,
It is assumed the meter is calibrated frequently to evoid errnr in changing
calibration factor. This consideration does not evaluste the error of the
Weir formuletion due to eny rossible error of the basic dete from which it is
derived.

DISCUSSION

Many of the rractical difficulties characteristic of the use of the
Douglas bag and Ealdane gas analyzer for indirect calorimetry areé overcome
by the use of these newer techniques. The Miller-Franz meter can be readily
erplied over & wide range of energy exrenditure, 1-9 Cal/min., with reasoncble
accurecy and convenience. The Pauling oxygen anslyzer enables rarid accurste
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ges analysis after & minimum of technicien treining with a precision
comperable to the Haldene. Weir's simrlified formulation of energy
metabolism calculations obviates the need for cerbon dioxide eanslyses

and includes the effect of protein without extensive dete uron protein
metabolism,

The methods can be rendered totally portable if the electronic com-
ronents are fixed on mechenicel shock resistant mountings, & 2000 watt
rortable generator provides electricity, &nd coumpressed geses in small
cylinders are used for calibration and verification of the gas analyzer.
To dzte the methods have been apprlied to the measurement of energy ex-
renditure in prhases of paratrooper treining, in hosyitel ward work,

hospitel clinic work, in loed carrying, in daily living activities and in
swimming.

These techniques while applicsble to the determination of energy ex-
renditure during short periods of time, minutes, may be used to estimste
energy expenditure for longer periods, days, when applied in conjunction
with time motion studies. The time motion study provides data upon the
time distribution of activities, which in combination with knowledge of
the energy cost of the activities, rermits estimetion of total energy
exyenditure during the period under investigation., Further study is in-
diceted to determine the absolute accuracy of the methods when applied
with time motion study to the estimation of extended energy exrenditure,
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TABIE I

DIFFUSION OF GAS THROUGH AIIQUOT BLADDERS

% 0, Concentrestion '

Bladder Time Bladder

Minutes Volume (ml) Initial
1 10 60 16.17
2 16.17
3 16.17
1 10 150 16,04
2 15.90
3 15.88
1 Lo 250 16.18
2 16.19
1 60 600 16,64
2 16.61
3 16.61

16

¥inal Av. Chsnge
16.27
16.24 ¢ 0.09%
16.26 N
16.07 M
15.93 # 0,03%
15.91 :
16.21

4 0.04%
16.23
16.67
16,64 ¢ 0.03% i

16.65
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TABIE VII

CAICUIATION OF PROTEIX ENERGY METABOLISM

SUBJECT Protein Daily Minute PROTEIN METABOIISM
# of Protein Protein Oxygen O, Cal/min
Total Inteke Inteke Consumption Production
Calories gms. ems, L/min I/min
Fa 14.99 103.38 .0718 . 0694 .0556 .2872
Fr 12,80 26.22 . 0668 . 0646 .0517 .2672
Ja 15,92 96.98 .0673 .0651 .0521 .2692
Pu 13.19 105,66 0734 .0710 .0568 .2936
Vo 13.10 98.30 .0683 . 0660 .0529 .2732
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TABIE VIII

CONVENTIONAL CAICUIATION OF ENERGY METABOLISM

SUBJECT ACTIVITY 05 NON CO, NON NON CAL/ NON TOTAL
CONSUMP, PROTEIN PROD, PROTEIN PROTEIN IO, PROTEIN CAL,
L/min. 05 o, R CAL.
CONSUMP, PROD.,
Fs Sit L3047 .2353  .2319  .1763 L7249 4,738 1.115 1402
Fa Errand .5115 JLu21 3981 3425 .775 L.,770 2.109 2.396
Fr 3.2 mrh .9175 .8529  ,7725 ,7208 845 4,856 L,142 L 409

Fr Chg. Dress. 4347  ,3701 3427 ,2910 786 4,784 1,771 2,038
Fr Play Pieno  .4682 L4036 L4088  .3571 .885 4,905  1.980 2,247
Fr Werd Work  .4118 3472 3184 L2667 J768 L,761 1,653  1.920
Fr Get Up .6381 .5735  .LB70 4353 .759 4,749 2,724 2,991
Ja Sit 2844 L2193 ,2360 .1839 .839 L.848 1,037 1,306
Pu Ping Pong  .6291 .5561  ,47h9 L4181 789 4,738 2,644 2,938
Vo Office Work .4856  ,4198  ,3542  ,3013 718 4,698  1.972 2,245
Vo lab ¥ork L7654 6994 7400 6871 .9824 5,025 3,51+ 3,787
Vo Stand L4616 3956  .3622  ,3093 .782 4,778  1.890  2.163
Vo Walk .6362 .5702 ,Lb927 4398 771 L,765 2,717 2.990



T4BLE IX

COMPARISON OF MBTHODS FOR TH CAICUIATION

SUBJECT ACTIVITY

Fa
Fa
Fr
Fr
Fr
Br
Fr

Ja

Vo
Vo

Vo

Sit

Errand

3.2 mrh
Chg. Dress.
Pley Piano
Ward Work
Get Up

Sit

Pin: Pong
Office Work
Ieb Work

Stand

OF EKNERGY MRETAEOIISM

C%NgﬁNT
EXPIRED
AIR

16 22
15,53
15.19
15.:36
6. 1
15,54
15,26
16.28
25.82
1,95
16,10

15,51

WEIR VENYIIATION
1./min

FACTOR

Proportion of

Av,

TOTAL

CAIORIES,
WEIR
METEOD

1,44
2.L5
L.yl
2e07
2.27
1.96
3.02

2.3

2.52

Conventionsl method 101.2%

25

TOTAL
CAIORIYS,
CONVERTIONAL

METFEOD

1.40
2.40
L,y1

2.04

TOTA L
CAIORIES,
SHORT
METHOD
1,52
2.56
L.59
Py
2.34
2.06
3.19
1.h2
3.15
2,43
3.83
2,31

2.63

105.6%



TABIK X

WEIR CATORIC EQUIVAIENT OF EXPIRED AIR AND PROTEIN METABOIISM

Protein Calories 10% 12,5% 15% Ratio
) i of Equivelents
% Oxygen Calories rer Iiter Expired Air 10/15 12.5/15
Expired Air
Og
15 .29637 .29589 .29528 1.00369 1.00206
15.5 .27138 . 27095 .27039 1.00366 1.00207
16.0 24638 . 214601 .21550 1,003586 1,00207
16.5 .22139 .22107 .22061 1.00353 1,00208

10% of totzl calories from protein
Cal/I = 1.046 - 0.050 O

12,5% of totzl czlories from rrotein
Cal/L = 1,044 -~ 0.0499 Of

15% of totel czlories from protein

Cal/L = 1.042 - 0,0498 Of

26



TABIE XI

PARTIAL ANALYSIS OF ERROR OF TEE METHOD

Source of error

Liffusion throuzh aliguot
bladder

Decrease moisture in gss
sample

Gas tenrerature at neter

Barometric pressure
veriation
on meter gas voluue

on “auling calibration

Oxy:sen enslysis

Meter ceallbration

Diet rrotein variation
frowu. Weir formuls

Manifest effect

rlus 0.015 to 0.045%
02

rlus 0.32% 0,

1 degree C.

minus 0,38 mm Mg,
rertial rress. 05

minus 0.8 mm Hg.,
rertisl rress. 0,

rlus minus 0.14% O,
(2 x §.D. of 0.07% 0,)

rlus winus 0,04
(2 x 8.3, of 0.02)

10-15» calories from
rrotein

27

Final effect on calories

minus 0.3 to 0.9%

uinus 6.0%

£ 0.3%

minus 0,06%
rlus 0.48%
£ 2.86%
£ L.0%

L 0.2%

Maximuz: negetive error

-13.88%

Maximuu rositive error

£ 1.48%
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FIGURE I0. ARRANGEMENT °F METER WHILE
CARRYING FULL FIELD PACK AND RIFLE
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FIGURE V

IN 1284

EXPERIMENTAL SERIES

EXPT 2960
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